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Abstract
New York City’s Ashokan Reservoir provides much of the drinking water for the New
York metropolitan area. Storm events occasionally increase reservoir suspended sediment to
levels that exceed the regulatory limit. As a result, reservoir discharge must be treated with
aluminum sulfate. Streambanks within the Stony Clove Creek subbasin were thought to be a
significant source of suspended sediment during these storm events. Twenty-seven bank erosion
monitoring sites (BEMS) were established on the Stony Clove Creek by the Green County Soil
and Water Conservation District (GCSWCD) in 2001. Stream cross-sections were surveyed and
the Bank Assessment for Non-point source Consequences of Sediment (BANCS) model was
used to assess streambank erosion and predict future erosion at each BEMS.
The BEMS cross-sections were resurveyed in 2012 by Syracuse University in order to
assess erosion and the validity of the BANCS model in predicting streambank stability and
erosion along the Stony Clove Creek. Single-factor analysis of variance comparing erosion
potential revealed that there was a significant difference between the eroded areas of moderate,
high and very high risk streambanks at a 90% confidence level. Plots of mean lateral erosion and
eroded area as a function of near bank stress (NBS) gave a positive relationship for high/very
high erosion potential bank erosion monitoring sites, with R2 values of 0.3453 and 0.3726,
respectively. These R2 values demonstrate a correlation between streambank erosion and NBS,
but with a poor fit. Net streambank erosion at the BEMS was determined to be responsible for
less than 3% of the total estimated suspended sediment flux from the Stony Clove subbasin.
While some BANCS variables correlate with streambank erosion, current results are not
conclusive enough to predict future streambank erosion along the Stony Clove Creek.

Analysis of the Bank Assessment for Non-point Source Consequences of
Sediment (BANCS) Approach for the Prediction of Streambank Stability
and Erosion along Stony Clove Creek in the Catskills

By

Michael Coryat
B.S. Canisius College 2011

Thesis
Submitted in partial fulfillment of the requirements for the
degree of Master of Science in Environmental Engineering Science
Syracuse University
June 2014

Copyright © Michael Coryat 2014
All Rights Reserved

Table of Contents
Abstract…………………………………………………………………………………………….i
List of Tables…………………………………………………………………………………...…v
List of Figures………………………………………………………………………….…………vi
Chapter 1: Introduction…………………………………………………………………………....1
1.1: Suspended Sediment………………………………………………………………….1
1.2: Stony Clove Watershed…………………………………………………………...….2
1.3: Streambank Erosion…………………………………………………………………..5
1.4: The BANCS Model Approach…………………….………………………………….6
1.5: Study and Objectives………………………………………………………………..13
Chapter 2: Methods………………………………………………………………………………15
2.1: 2001…………………………………………………………………………………15
2.2: 2012 Field work……………………………………………………………….…….15
2.3: Streambank Soils……………………………………………………………………17
2.4: Establishing a Bank Toe……………………………………………………….……18
2.5: Cross-section Analysis………………………………………………………………21
2.6: Sediment Flux…………………………………………………………………….…23
2.7: BANCS Analysis…………………………………………………………..………..24
Chapter 3: Results………………………………………………………………………….…….26
3.1: Location of BEMS…………………………………………………………….…….26
3.2: Erosion………………………………………………………………………………27
3.4: Sediment Analysis…………………………………………………………………..34
3.5: Water Quality………………………………………………………………………..35
Chapter 4: Discussion………………………………………………………...………………….45
4.1: BANCS Model Validity………..……………………………………...……………45
4.2: Suspended Sediment Sources…………………………………………….…………52
Chapter 5: Conclusions……………………………………..……………………………………55
Appendix A: Low-flow stage figures……………………………………………………………57
Appendix B: BEMS study bank profiles……………………………………………………...…59
Appendix C: Streambank soil particle-size distributions…………………………….…………..69
References………………………………………………………………………………………..75
Vita……………………………………………………………………………………………….79

iv

List of Tables
Table 1: Erosion potential categories……………………………………………………………...8
Table 2: NBS variable-ratios and their corresponding NBS ratings……………………………..12
Table 3: Conversion table of velocity profiles/isovels/velocity gradient values to NBS ratings..13
Table 4: BEMS, and their corresponding erosion potential, BEHI score and eroded area………27
Table 5: Regression analysis results for relationships between eroded bank area and
several measures of erosion potential…………………………………………..…………….….28
Table 6: Regression analysis results with eroded bank area as the dependent variable and
BEHI score as the independent variable, with data separated by erosion potential……….....….30
Table 7: Regression analysis results with eroded bank area as the dependent variable and
BEHI score as the independent variable, with data separated by Rosgen reach type……………30
Table 8: Single factor ANOVA results of a test comparing erosion potential at a 90%
confidence level……………...…………………………………………………………………..32
Table 9: Comparison of average eroded area at BEMS, separated by erosion potential…...……32
Table 10: Average percent of coarse, fine, sand, silt and clay fractions….……………………...…34
Table 11: Estimated yearly suspended sediment fluxes in Stony Clove Creek at
Chichester, along with the number of times mean daily discharge exceeded bankfull
discharge (1702 ft3/s).................................................................................................................... 42
Table 12: Comparison of measured erosion, with eroded area, eroded volume and eroded
mass at each usable BEMS……………………...……………………………………………….43
Table 13: Comparison of estimated erosion, with eroded area, eroded volume and eroded
mass at non-usable BEMS……………………………………………………………...………..44
Tables in Appendix C
Table 14: Particle-size distribution of the alluvium at BEMS 24………………………………..69
Table 15: Particle-size distribution of the lower lacustrine at BEMS 24………………………..69
Table 16: Particle-size distribution of the lower red till at BEMS 24…………………………...70
Table 17: Particle-size distribution of the alluvium at the site adjacent to BEMS 24…………...70
Table 18: Particle-size distribution of the lower lacustrine at the site adjacent to BEMS 24……70
Table 19: Particle-size distribution of the lower red till at the site adjacent to BEMS 24……….71
Table 20: Particle-size distribution of the upper lacustrine at the site adjacent to BEMS 24……71
Table 21: Particle-size distribution of the upper red till at the site adjacent to BEMS 24……….71
Table 22: Particle-size distribution of the upper lacustrine at Stony Clove Lane……………….72
Table 23: Particle-size distribution of the alluvium at the confluence of Stony Clove Creek and
Warner Creek………………………………………………………………………………….…72
Table 24: Particle-size distribution of the lower lacustrine at the confluence of Stony Clove
Creek and Warner Creek………………………………………………………………………...73
Table 25: Particle-size distribution of the lower red till at the confluence of Stony Clove Creek
and Warner Creek……………………………………………………………………………..…73
Table 26: Particle-size distribution of the upper lacustrine at the confluence of Stony Clove
Creek and Warner Creek…………………………………………………………………………74
Table 27: Streambank soil USDA soil textures………………………………………………….74

v

List of Figures
Figure 1: Map of Stony Clove watershed (32.3 mi2) showing bank erosion monitoring
sites (BEMS) used in this study………………………………………………………………...…3
Figure 2: Diagram depicting the BEHI variables…………………………………………………8
Figure 3: Streambank erodibility criteria showing conversion of measured ratios and
bank variables to BEHI rating……………………………………………………………………..9
Figure 4: Eroded bank area as a function of total BEHI score for all sixteen BEMS…………...29
Figure 5: Eroded Bank area as a function of total BEHI score, B classified BEMS…………….31
Figure 6: Plots of annual mean lateral erosion as a function of NBS, separated by
high/ very high and moderate erosion potential………………………………………………….33
Figure 7: Plots of annual area erosion rate as a function of NBS, separated by
high/ very high and moderate erosion potential….………………………………………………33
Figure 8: Stage-discharge relationship of Stony Clove creek used to create hysteresis curves…36
Figure 9: (a) Plot of suspended sediment and discharge as a function of time and
(b) hysteresis plot of suspended sediment as a function of discharge for a storm event
beginning at17:30, 9/7/2008 and ending at 23:15, 9/9/2008………………………………….…37
Figure 10: (a) Plot of suspended sediment and discharge as a function of time and
(b) hysteresis plot of suspended sediment as a function of discharge for a storm event
beginning 03:40, 6/18/2009 and ending at 10:00, 6/22/2009…………………………………....38
Figure 11: (a) Plot of suspended sediment and discharge as a function of time and
(b) hysteresis plot of suspended sediment as a function of discharge for a storm event
beginning at 10:20, 9/11/2007 and ending at 09:45, 9/12/2007…………………………………39
Figure 12: (a) Plot of suspended sediment and discharge as a function of time and
(b) hysteresis plot of suspended sediment as a function of discharge for a storm event
beginning at 16:35, 7/29/2009 and ending at 10:45, 7/30/2009…………………………………40
Figure 13: Sediment-discharge rating curve of the Stony Clove Creek…………………………41
Figures in Appendix A
Figure 14: The flow duration curve (FDC) used to determine low-flow discharge at the
Chichester, USGS gage…………………………………………………………………………..57
Figure 15: An example of a Mecklenburg stream module spreadsheet used to determine low-flow
stage height. …………………………………………………………………………………..…58
Figures in Appendix B
Figure 16: Plot of the BEHI-assessed “BEMS 1” streambank profile in 2001 and 2012………..59
Figure 17: Plot of the BEHI-assessed “BEMS 3” streambank profile in 2001 and 2012………..60
Figure 18: Plot of the BEHI-assessed “BEMS 4” streambank profile in 2001 and 2012………..60
Figure 19: Plot of the BEHI-assessed “BEMS 5” streambank profile in 2001 and 2012………..61
Figure 20: Plot of the BEHI-assessed “BEMS 6” streambank profile in 2001 and 2012………..61
vi

Figure 21: Plot of the BEHI-assessed “BEMS 7” streambank profile in 2001 and 2012………..62
Figure 22: Plot of the BEHI-assessed “BEMS 8” streambank profile in 2001 and 2012………..63
Figure 23: Plot of the BEHI-assessed “BEMS 9” streambank profile in 2001 and 2012………..64
Figure 24: Plot of the BEHI-assessed “BEMS 12” streambank profile in 2001 and 2012………64
Figure 25: Plot of the BEHI-assessed “BEMS 14” streambank profile in 2001 and 2012………65
Figure 26: Plot of the BEHI-assessed “BEMS 15” streambank profile in 2001 and 2012………65
Figure 27: Plot of the BEHI-assessed “BEMS 15.5” streambank profile in 2001 and 2012…….66
Figure 28: Plot of the BEHI-assessed “BEMS 16” streambank profile in 2001 and 2012………66
Figure 29: Plot of the BEHI-assessed “BEMS 18” streambank profile in 2001 and 2012………67
Figure 30: Plot of the BEHI-assessed “BEMS 19” streambank profile in 2001 and 2012………67
Figure 31: Plot of the BEHI-assessed “BEMS 20” streambank profile in 2001 and 2012………68

vii

1

Chapter 1: Introduction
1.1: Suspended Sediment
The transport of sediment by streams is a natural and persistent fluvial process.
Sediments weathered from ancient New England peaks settled in a sinking delta that uplifted to
become the bedrock of the Catskill Mountains (Rich, 1935). While weathering and uplift will
continue in the future, accelerated erosion causes problems for those living in the present. High
concentrations of suspended sediment can affect the health of invertebrates, plants, fish and
people that depend on clean water.
Fine sediments clog the filtration mechanisms of aquatic invertebrates, inhibiting
ingestion and respiration (Berry et al., 2003). Light reduction due to suspended sediment limits
the growth and distribution of aquatic macrophytes (Berry et al., 2003). Fine sediments also fill
in pores around gravel, reducing the flow of oxygenated water to trout eggs, decreasing hatch
rates (Waters, 1995). Even adult trout reduce feeding behavior in the presence of turbid flows
(Newcombe et al., 1996). Water-borne pathogens such as Cryptospiridium parvi and E. coli bind
to suspended and bedded sediments and persist for long durations of time (Droppo et al., 2009).
These contagious organisms cause severe gastrointestinal distress and threaten public health.
Such pathogens increase in suspension and disperse during storm flow events.
The preparation of drinking water generally involves the impoundment of a water source
and treatment to remove pathogens and impurities. New York City employs this method while
minimizing treatment. By damming streams and rivers of the Catskill Region, they obtain
drinking water from forested preserve lands that have been conserved since 1904. The result is
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clear, low-nutrient, uncontaminated water. The Ashokan Reservoir is an exception to this
characteristically clear water due to turbidity surges following storm events.
The Ashokan Reservoir is the second largest reservoir, by volume, of the nineteen New
York City reservoirs. It has two basins, West and East, separated by a dividing weir that controls
flow from West Basin to East Basin. The West Basin is responsible for 90% of flow into the East
Basin. This is because the West Basin acts as a settling basin for suspended sediment before
water is transferred and drawn from the East Basin. Esopus Creek is the primary source of inflow
(85%) and suspended sediment to the West Basin. Extreme storm events often require treatment
of out-flowing water with aluminum sulfate (alum), on its way to Kensico Reservoir. Even
though water passes through a settling basin, clay particles 1-10 µm in diameter remain
suspended (Gelda et al., 2009).
Treatment of Ashokan outflow with alum is not a preferred solution. Use of chemicals
can be prevented or minimized through management of the watersheds that contribute to the
Ashokan Reservoir. Primary sources of suspended sediment to the Esopus are streambank
erosion within sub-basins and inflow from the Schoharie Reservoir, via the Shandaken tunnel.
The Shandaken tunnel is a constant source of suspended sediment to the Esopus while sub-basin
erosion contributes most sediment following storm events (Mukundan et al., 2013). A sub-basin
of particular concern is the Stony Clove watershed.

1.2: Stony Clove Watershed
Stony Clove Creek lies in the Central Escarpment of the Catskill Mountains (Figure 1).
The stream flows 10.2 miles southwest from its headwater at Notch Lake, to its confluence with
Esopus Creek, in Phoenicia, NY. The creek’s name is imparted from Stony Clove, a narrow pass,
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426 meters in depth (Rich, 1935), separating Hunter Mountain and Plateau Mountain. Stony
Clove lies at the most northeast point of the 32.3 mi2 watershed, adjacent to Notch Lake while
West Kill Mountain defines the northwest border of the watershed.

Figure 1: Map of Stony Clove watershed (32.3 mi2) showing bank erosion monitoring sites
(BEMS) used in this study.
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Climate in the region is humid-continental, with rainfall averaging 50 to 60 inches per
year (Vanshaack et al., 2005). Deciduous, coniferous and mixed forest comprises 98% of ground
cover within the watershed (Vanshaack et al., 2005). Drainage density in the watershed is
average for the Catskills at 0.0018 m/m2 and average slope is 36.4%, the highest of any subbasin in the New York City watershed (Vanshaack et al., 2005). These steep slopes, defining the
watershed’s boundary, give the stream a flashy response to meteorological events. USGS gage
1362370 (drainage area of 30.9 mi2) at latitude 42°06'07.3" N, longitude 74°18'39.2" W monitors
Stony Clove Creek’s flow in Chichester. The highest recorded mean daily discharge at this gage
was 5290 ft3/s on 8/28/2011, during Hurricane Irene, while the lowest was 4 ft3/s, on 9/21/2002.
Bedrock in the watershed is composed of alternating layers of Devonian era sandstone,
mudstone, conglomerate and shale (Vanshaack et al., 2005). Bedrock is stratified, with Oneonta
formation rock underlying the valley bottom, Lower Walton formation rock underlying the
valley sides and Upper Walton formation rock underlying the tops of Hunter, Plateau and
Westkill Mountains (Ver Straeten, 2013). Evidence of Wisconsinan Epoch glaciation is apparent
throughout the basin. The continental ice sheet made its way through the low pass at Stony Clove
while local alpine glaciers descended Hunter, West Kill and Plateau Mountains (Rich, 1935).
Moraines can be found above and below Edgewood, at Chichester, in the Hollow Tree Brook
valley, in the lower half of Ox Clove valley, in the upper portion of Warner Creek valley and in
great volume about a half mile above Phoenicia (Rich, 1935). A terraced outwash plain stretches
a half mile below Lanesville to the confluence of Stony Clove Creek and Hollow Tree Brook,
where it continues a mile up Hollow Tree Brook Valley (Rich, 1935). Kame-moraines are
present north of Edgewood and a 200 foot tall kame lies between Edgewood and the first large
valley descending Hunter Mountain (Rich, 1935). A glacial lake is evidenced by a delta between
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the large kame and Edgewood, and a delta in Warner Creek valley (Rich, 1935). This is thought
to be Peekamoose Lake, which sat at an elevation between 549 m and 558 m (Rich, 1935) and
was responsible for lacustrine sediment deposition.
The effects of glaciations and subsequent weathering/deformation have left sediment
distribution varied and complex. Streambank sediments, often rich in clay and silt, are known to
be sources of turbidity in the stream. It is for this reason that streambank erosion is of great
interest in this study.

1.3: Streambank Erosion
Streambank erosion is caused by two main processes acting in concert: entrainment and
mass wasting (Knighton, 1998; Miller et al., 2007). Entrainment is the process by which
sediment particles are directly removed from the streambank by hydraulic flow. Mass wasting is
the movement of bank material, often in bulk, by the force of gravity.
Entrainment is known to be a dominant erosive force on non-cohesive bank materials,
when particle-particle interaction and gravity are easily overcome by the hydraulic action of
shear stress (Knighton, 1998; Rosgen, 2006). The lesser-known process of seepage and/or piping
is also due to entrainment, by a more complex mechanism. Open bank faces consisting of
layered sediments of varying hydraulic conductivities are affected by this mechanism. A layer of
high hydraulic conductivity in a stratified bank may experience a high hydraulic gradient due to
groundwater flow or flood-stage recharge with subsequent recession (Hagerty, 1991a). Materials
of this layer of high hydraulic conductivity are entrained by concentrated flow, out of the bank
face.
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Seepage sometimes takes the form of piping. In this case, hollow pipes or tubes are left
where flows from the bank face were greatest. Research at Hubbard Brook Experimental Forest
found that 40% of piping occurs in the organic soil horizon, induced by rooting and animal
burrows (Stresky, 1991). However, seepage commonly acts on glacial sediment that lies over
sediment layers of low hydraulic conductivity (Hagerty, 1991a).
Entrainment and seepage at the bottom of a bank leaves a bank undercut and prone to
mass failure. Masses of bank overhanging an undercut are at the will of the balance between the
shear force of gravity and the shear strength of bank material (Miller et al., 2007). Bank mass
and bank angle are positively related to shear force, while pore pressure is negatively related to
shear strength. If storm conditions are considered, saturation of a high-angle, undercut bank will
increase the bank mass and pore pressure. This increases the shear force of gravity while
decreasing the shear strength of the bank. As a result, the shear force of gravity may exceed the
shear strength of the bank material, causing bank failure. When the bank is cohesive, this mass
fails as a single unit, referred to as planar, slab or cantilever failure (Knighton, 1998; Leopold et
al., 1995). The failure of a non-cohesive mass is known as a rotational failure and can be
recognized as a slumped pile of bank material (Knighton, 1998; Leopold et al., 1995).

1.4: The BANCS Model Approach
The Bank Assessment for Non-point source Consequences of Sediment (BANCS) model
is one component of Dave Rosgen’s Watershed Assessment of River Stability and Sediment
Supply (WARSSS) model. WARSSS is a comprehensive, quantitative, geomorphology-based
method for determining effects of land use on sediment and stream channel dynamics (Rosgen,
2006). It has three main phases: a reconnaissance-level assessment, rapid resource inventory for
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sediment and stability consequences, and a prediction-level assessment. It has been advocated by
the United States Environmental Protection Agency (USEPA) Office of Water and has been used
by numerous agencies since its inception.
The BANCS model uses the quantitative assessments of Bank Erosion Hazard Index
(BEHI), Near-Bank Stress (NBS) ratings and erosion measurements to predict annual bank
erosion. The BEHI rating identifies bank features that affect erosion and NBS evaluates inchannel characteristics that affect flow. NBS specifically evaluates the distribution of hydraulic
stress, caused by channel form, which acts as an erosive force on the study bank. Both aspects
require practice so that the assessment practitioner can calibrate his/her estimates to produce
consistent results. The BANCS model’s strength lies in its calibration to a specific watershed or
region of interest.
BEHI incorporates bank variables that are factors in entrainment, surface erosion and
mass erosion. These variables are bank–height ratio, root–depth ratio, weighted root density,
bank angle and surface protection. The meanings of these variables are illustrated in Figure 2.
Variables have empirical values that are, in turn, converted to index values and summed for a
total BEHI score. Scores are adjusted by bank material and bank material stratification. BEHI
scores are then categorized by erosion potentials seen in Table 1. A greater score indicates
greater erodibility.
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Figure 2: Diagram depicting the BEHI variables (modified from Rosgen, 2006).

Table 1: Erosion potential categories.
Erosion potential
Very low
Low
Moderate
High
Very high
Extreme

Column1 BEHI score
5-9.25
10-19.5
20-29.5
30-39.5
40-45
46-50
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Figure 3: Streambank erodibility criteria showing conversion of measured ratios and bank
variables to BEHI rating (modified from Rosgen, 2006).
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Bank height is the distance from bank toe to the top of the bank. Bankfull height is the
distance from bank toe to bankfull stage elevation. Bank height divided by bankfull height gives
a bank-height ratio that can be converted to a rating based on Figure 3.
Rooting depth is measured from the top of the bank to the bottom of vegetal rooting.
Rooting depth is then divided by bank height to get root-depth ratio, and converted to a rating
based on Figure 3.
The weighted root density calculation begins with a visual estimate of root mass, per unit
volume of soil. This root density is then multiplied by the root-depth ratio to get weighted root
density. This value is converted to a rating based on Figure 3.
Bank angle is the angle of the bank face along the elevation plane of the bank. Bank
angle is converted to a rating based on Figure 3.
Surface protection is estimated as the percent of bank covered by vegetation, woody
debris, boulders or manmade materials. An open bank face has 0% protection while a fully
vegetated bank has 100% surface protection. Percent surface protection is converted to rating by
the relation in Figure 3.
Bank material may affect a bank’s susceptibility to erosion. If bank material is medium or
large cobble, ten points are subtracted from the total BEHI score. Five to ten points are added for
gravel, a mix of gravel and small cobble, or a mix of gravel and sand. Sand, or a predominantly
sand mixture, requires the addition of ten points. No adjustment is made for cohesive silt or clay
bank material. Banks of bedrock or boulder are always scored as “very low.”
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Scores may also be adjusted for bank stratification. Five to ten points may be added to a
total score if a bank exhibits sediment layering/stratification. This adjustment accounts for
erosion that may occur by piping and/or seepage.
Evaluation of Near-Bank Stress is highly important in erosion prediction as this variable
indicates the distribution of stream energy through the channel cross-section, specifically the
proportion of energy in the third of the cross-section nearest to the study bank, relative to the
entire channel. This uneven stream energy distribution can accelerate streambank erosion
(Rosgen, 2006). There are seven methods for estimating NBS, which include: channel pattern
and bar assessment, ratio of radius of curvature to bankfull width (Rc / Wbkf), ratio of pool slope
to average water surface slope (Sp / S), ratio of pool slope to riffle slope (Sp / Srif), ratio of nearbank maximum depth to bankfull mean depth (dnb/dbkf), ratio of near-bank shear stress to
bankfull shear stress (τnb / τbkf) and use of velocity profile/isovel/velocity gradients.
A reconnaissance-level assessment of NBS is qualitative and can be made by observation
of transverse or central bars, extensive deposition in the cross-section, chute cutoffs, or
converging channels. These features indicate changes in slope and velocity that may cause
accelerated erosion at the study bank. Transverse and central bars are classified as High/ Very
High NBS, while extensive deposition, chute cutoffs and converging channels are classified as
extreme NBS.
Ratios of Rc / Wbkf, Sp / S, Sp / Srif and dnb/dbkf are determined from longitudinal and crosssection surveys in the field. Rc / Wbkf may even discerned from aerial photography. The ratios
obtained from these field data are then converted to NBS ratings based on Rosgen’s tables (Table
2).
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Table 2: NBS variable-ratios and their corresponding NBS ratings (modified from Rosgen,
2006).
Rc/Wbkf
ratio
> 3.00
2.21 - 3.00
2.01 - 2.20
1.81 - 2.00
1.50 - 1.80
< 1.50

Sp / S
ratio
< 0.20
0.20 - 0.40
0.41 - 0.60
0.61 - 0.80
0.81 - 1.00
> 1.00

Sp / Srif
ratio
< 0.40
0.41 - 0.60
0.61 - 0.80
0.81 - 1.00
1.01 - 1.20
> 1.20

dnb / dbkf
ratio
< 1.00
1.00 - 1.50
1.51 - 1.80
1.81 - 2.50
2.51 - 3.00
> 3.00

τnb / τbkf
ratio
<0.80
0.80 - 1.05
1.06 - 1.14
1.15 - 1.19
1.20 - 1.60
> 1.60

NBS
rating
Very Low
Low
Moderate
High
Very High
Extreme

Velocity profile/isovels/velocity gradients may also be used to determine NBS ratings
with vertical velocity profile data collected by a current meter at high flow. Gradient values are
converted to an NBS rating based on Table 3. Though some methods require data and
calculations, no method has been proven to be more effective than another. Methods should be
chosen based on stream characteristics at the study bank. If all methods are used, the one that
produces the most severe NBS rating is normally reported (Rosgen, 2006).
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Table 3: Conversion table of velocity profiles/isovels/velocity gradient values to NBS ratings
(modified from Rosgen, 2006).
Velocity
profiles/isovels/velocity
gradient values
< 0.50
.050 - 1.00
1.01 - 1.60
1.61 - 2.00
2.01 - 2.40
> 2.40

NBS ratings
Very Low
Low
Moderate
High
Very High
Extreme

Streambank form, for BANCS-assessed streambanks, is measured over the course of no
less than a year. Lateral erosion rates (dependent variable) are separated by erosion potential and
plotted against NBS rating (independent variable). The resulting graph is a predictor of erosion
rate for varying erosion potential and NBS.

1.5: Study and Objectives
BANCS assessment of Stony Clove Creek began in 2001 with BEHI and NBS scoring at
27 bank erosion monitoring sites (BEMS). Stream cross-section and longitudinal profiles were
surveyed to monitor stream form and geometry in the coming years. Syracuse University
returned in 2012 with the objectives of resurveying stream cross-sections and longitudinal
profiles, determining grain size of streambank material and assessing erosion at the twenty seven
BEMS. Erosion assessment included the calculation of area, volume and mass of streambank
material lost to erosion. Erosion mass estimates elucidate the role of streambank erosion in
suspended sediment flux from the watershed. Further analysis was done to determine whether the

14
BANCS approach could accurately predict future erosion. The following hypotheses were
formed in relation to these objectives:

H1: BANCS variables correlate with observed streambank erosion at the BEMS and, as a
result, can be used to estimate future erosion potential.

H2: Streambank erosion at BEMS was responsible for a significant amount of the
suspended sediment flux from the Stony Clove watershed between 2001 and 2012.
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Chapter 2: Methods
2.1: 2001
In 2001 the New York City Department of Environmental Protection (NYCDEP), in
collaboration with the Green County Soil and Water Conservation District (GCWCD) completed
a stream feature inventory of Stony Clove Creek. This work included pebble counts, longitudinal
profiles and cross-sectional surveys of 99 sites. Twenty-seven of these sites were permanently
established as Bank Erosion Monitoring Sites (BEMS).
The 2001 BEMS surveys were performed using total stations, rods and survey tape. The
27 BEMS were marked with two rebar monuments, one on each streambank. Cross-section and
longitudinal surveys provided measurements of channel geometry which could be, in turn, used
to classify streams, determine relationships for hydraulic geometry calculations and monitor
erosion (Knighton, 1998). These BEMS were specifically chosen because their banks showed
signs of recent and apparent erosion. By monumenting the BEMS they could be returned to in
later years for reassessment to determine the condition of the stream and changes in channel and
streambank morphology. One or both banks at each BEMS were scored for BEHI and NBS.

2.2: 2012 Fieldwork
In 2012 a group from Syracuse University sought to assess streambank erosion at the
BEMS along the Stony Clove Creek. Work began by locating the 54 BEMS monuments with the
use of a handheld GPS unit and metal detector. Both monuments were found at 12 of the BEMS,
one monument was found at 14 of the BEMS and neither monument was found at BEMS 25.
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Twelve temporary elevation benchmarks were then established along Route 214 with the use of
survey-grade global position system (GPS) equipment.
Surveys began at the closest established benchmark on Route 214 and continued toward
the cross-section monument using total station survey equipment. The BEMS monuments were
approached using standard leveling techniques. Once monument elevation was determined,
cross-sections were surveyed at each BEMS by recording the elevation at every break in slope,
from one monument to the other; streambank to streambank. Relative northing (Δy) and easting
(Δx) values for each shot were recorded in relation to the total station, to ascertain the distance
between measurement points using the distance formula:

(Equation 1)

These distances were summed to determine the distance along the cross-section for each
measurement point. The team then surveyed back to the benchmark on Route 214 to close the
survey loop and check for error. Three centimeters or less of misclosure error between the actual
benchmark elevation and the tabulated post-survey elevation of the benchmark was considered
acceptable. Monument elevations were adjusted for misclosure error using standard surveying
techniques.
Water surface and stream channel elevations were recorded along the thalweg for the
longitudinal survey. These measurements were taken at points where pools began and ended, as
well as the thalweg at the cross-section. The BEMS cross-section monuments were used as
benchmarks for these survey loops. The survey loop misclosure error check was also performed
during the longitudinal surveys.
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In 15 cases BEMS monuments were reestablished because they were not found, due to
removal by persons or substantial erosion. In the 14 cases where only one monument was lost,
the 2001 GPS coordinates for the monuments were used to establish the position of the missing
monument in the field. Using the 2001 northing and easting values of both monuments, one can
apply simple geometry to determine the distance between monuments and, also, the bearing from
the located monument to the missing monument. Using this bearing and a compass, and
adjusting for magnetic declination, we projected the position of the missing monument from the
recovered monument’s location. This projection was then extended roughly 15 meters beyond
the edge of the bank. A new rebar monument was driven into the ground at this location and
capped with an orange “BEMS SITE AWSMP” cap.
Neither monument was found at BEMS 25. In this case the handheld GPS was used to
triangulate 2001 monument positions. The handheld GPS was used to find the 2001 position of
each monument and a stake was placed to mark the location. This process was repeated three
days in a row. On the third day, the center of this triangulation was marked and extended 15
meters beyond the triangulated position. This new position was monumented with rebar and
capped with an orange “BEMS SITE AWSMP” cap.

2.3: Streambank Soils
Representative samples of the Stony Clove basin streambanks were collected for grain
size analysis in August of 2012. Samples were collected at four locations: the confluence of
Stony Clove and Warner Creek, Stony Clove Lane, BEMS 24 and an erosion exposure adjacent
to BEMS 24. Danyelle Davis of the NYCDEP helped identify five distinct sediment materials
that had been deposited as a result of glacial and fluvial processes. These layers were categorized
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as upper lacustrine, lower lacustrine, upper red till, lower red till and alluvium. In total, three
upper lacustrine samples, three lower lacustrine samples, one upper red till sample, three lower
red till samples, and three alluvium samples were collected.
Streambank samples were analyzed using ASTM method D422 – 63, the standard test
method for particle-size analysis of soils (ASTM, 2007). Dried soils were disaggregated using a
crushing machine and sieve sizes were selected in accordance with ASTM-E11 guidelines
(ASTM, 2007). It is generally recommended that sieves be shaken for five to fifteen minutes.
Some Stony Clove basin soils were still poorly sorted after fifteen minutes of shaking, requiring
an additional five minutes of shaking
Specific gravities of Stony Clove basin soils were determined using ASTM method D854
– 10, the standard test method for specific gravity of soil solids by water pycnometer (ASTM,
2010). Hydrometer analysis was utilized to determine the size distribution of particles smaller
than 0.075 millimeters in diameter using ASTM method D422 – 63.

2.4: Establishing a Bank Toe
Comparing BEMS cross-sections from 2001 to the corresponding 2012 cross-sections
required the discernment of a common streambank toe. Standard BANCS assessment studies
utilize “toe pins” driven horizontally into the toe of the streambank (Harmel et al., 1999; Kwan,
2010; Rosgen, 1996; Sass et al., 2011; Van Eps et al., 2004). These pins serve to mark the
bottom of the bank during data collection. The BEMS sites were marked with only a rebar
monument at either end of the cross-section, usually well beyond the streambank. As a result, it
was necessary to define a bank toe in a consistent, methodical manner. The 2001 surveys
included the identification of a bankfull flow-field-mark; however, this height is well above the
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toe of the bank. A better estimate of the bank toe is a low-flow stage height. The USGS stream
gage on Stony Clove Creek made the identification of such a stage possible (Gage 1362370;
Stony Clove Creek below Ox Clove at Chichester).
A low-flow stage height was used to consistently and methodically establish a bank toe at
each BEMS. Once a low-flow discharge at the USGS gage was established, the low-flow was
scaled for each BEMS based on drainage area; drainage area has been demonstrated to scale
linearly with discharge in the Catskills (Gianfagna, 2012). This discharge then translated to a
stage height based on the cross-sectional area of each BEMS; the result was a consistently scaled
stage elevation at each BEMS. The use of this consistently scaled elevation as the lower bound
and toe of the streambank makes the distinction between streambank and active stream channel
unambiguous. The scaled streambank toe elevation ensures that net eroded areas are comparable
throughout the basin.
One may argue that field measurements of stage height provide more accurate elevations
then stage height calculations based on channel parameters. Yet, 2001 bankfull flow stage-field
marks proved to be quite inconsistent with USGS regional regression bankfull discharge stage
heights when plotted in Mecklenberg stream modules. Differences between regional regression
and field bankfull estimates were commonly hundreds of cubic feet per second, with field marks
plotting erratically above and below bankfull regional regression stage heights. This indicated
that field marks did not correspond to a common magnitude discharge event. It is for this reason
that the estimated low-flow stage elevation was utilized as the bank toe. The method to establish
bank toe will be further elucidated in the following paragraphs.
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Flow-duration curves (FDC) utilizing mean daily discharge data can be used to identify a
conservative low-flow estimate (Smakhtin, 2001). A FDC for Stony Clove Creek was created by
the following method.
Mean daily discharges for the Stony Clove gage’s period of record (1997 to 2012) were
sorted by magnitude and ranked. The exceedance probability of each flow was then calculated
using the equation:

(Equation 2)

Where P equals exceedance probability, M equals magnitude rank and n equals the total number
of days of the record. Mean daily discharge was then plotted against the corresponding
exceedance probability on logarithmic axes. The discharge with an exceedance probability of
fifty percent was identified as low-flow, as suggested by Smakhtin (2001).
Power equations have often been used to accurately relate stream discharge to drainage
area (Lumia, 1991). Recent research in the Catskills has shown that discharge scales linearly
with drainage area in streams across the region (Gianfagna, 2012). We therefore used the FDCestimated low-flow discharge and drainage area at the USGS Chichester gage to estimate lowflow discharges at every BEMS cross-section along the stream using the following equation:

(Equation 3)

Where QBEMS is the estimated low-flow discharge at a BEMS, DABEMS is the drainage area at the
BEMS, DAG is drainage area at the USGS Chichester gage and QG is the low-flow discharge at
the USGS gage.
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Drainage areas were estimated using the BEMS GPS coordinates and the watershed tool
in ArcGIS. Low-flow discharges, 2001 cross-section survey data and 2001 pebble counts were
then used in Mecklenburg stream modules in order to determine low-flow stage heights.
Mecklenburg stream module spreadsheets were developed by the Ohio Department of Natural
Resources to manage stream data (Mecklenburg et al., 1998). For our purposes, discharge,
channel slope, pebble count and cross-section survey points were input for each BEMS to locate
low-flow stage elevation. These spreadsheets calculate a Manning’s coefficient and average
stream velocity from the aforementioned variables to determine the elevation of the water
surface at a given discharge. With the low-flow discharge estimate we determined the low-flow
water surface elevation, and in turn, the bank toe, or lowest bound of the bank, for cross-section
analysis.

2.5: Cross-section Analysis
The 2001 and 2012 BEMS cross-sections were overlaid to determine bank loss due to
erosion. Differences in cross-section geometry arose due to methodological differences. The
2001 survey distances were based on survey tape measurements while the 2012 survey distances
were based on relative northing and easting values shot by the total station. As a result, the 2001
cross-section surveys were slightly longer in distance. We believe that tape sag in 2001 is to
blame for this difference. The 2001 cross-section distances were compared to the 2012 crosssections distances at BEMS where both monuments were recovered in their original position (7
total). The result was a linear relationship with a coefficient of determination (R2) equal to
0.9972. To better overlay the cross-sections, the 2001 distances were corrected using the linear
relationship:

22
(Equation 4)

where dadj is the corrected 2001 distance and dmeas is the original, measured 2001 distance.
In cases where an original monument was not recovered in 2012, the corrected 2001
cross-section distance was used to pinpoint the monument’s position along the 2012 crosssection. The elevation of this point was then interpolated.
Bank areas were determined by calculating the area under the cross-section plot using a
convenient datum elevation. The area under each set of adjacent survey points along the crosssection was thus a trapezoid. The individual trapezoidal areas between the BEMS monument and
the bank toe were summed for a total bank area. This method was applied to both years’ data;
2012 bank areas were then subtracted from 2001 bank areas to determine the net eroded bank
area at the BEMS cross-section. The elevation of the bank toe served as the lower-most elevation
boundary while the 2001 bank toe distance from the monument served as the upper-most
distance boundary for the analysis. Mean lateral streambank erosion was calculated by dividing
net eroded bank area by the height of the bank (the difference in elevation between the base of
the monument and the bank toe).
The 2001 fieldwork included measurement of the length of streambank erosion at each
BEMS. It was assumed that the BEMS were at the center of, and at the point of, most severe
erosion along this eroded segment length. To estimate a total eroded streambank volume, net
eroded bank area was multiplied by the erosion segment length, which was then multiplied by a
coefficient of one half. Because erosion is most severe at the center of the cross section, erosion
tapers to zero as it reaches either end of the segment length. Reducing the total erosion volume
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from this calculation by one half assumes a linear decrease in lateral erosion away from the
center of the cross-section.
Volume was converted to mass using an estimated bulk density of 1.1 g/cm3. This
estimate was made after comparison of Stony Clove streambank particle size distribution with
streambank particle size distribution from the streambank bulk density studies of Zaimes (2004)
and Wynn (2006).

2.6: Sediment Flux
Water samples from Stony Clove Creek have been collected at the Chichester gage site
by the USGS for the determination of suspended sediment concentration since 2007 (USGS,
2012). We plotted these suspended sediment data against corresponding mean daily discharge on
logarithmic axes to form a sediment rating curve. Discharges ranged from low flow to high flood
stage with values between 6.4 ft3/s and 5190 ft3/s. A power-law function was fitted to this plot
and used to estimate the total sediment flux from the Stony Clove Creek between 2001 and 2012.
The mean daily discharge (Qd), in ft3/s, of each day on record was used to estimate the
suspended sediment concentration (SS) in mg/L:
(Equation 5)
These daily SS values were then multiplied by the mean daily discharge to determine the
suspended sediment flux per day. The sum of all daily suspended sediment masses gave an
estimate of total suspended sediment flux between 2001 and 2012.
Stage height and time of day were also recorded by the USGS at each suspended
sediment sampling. This allowed for the creation of hysteresis curves and plots of suspended
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sediment and discharge as a function of time. A stage-discharge relationship was established by
plotting stage against discharge from a separate USGS gage data set. With this plot, stage heights
at the time of suspended sediment sampling could be converted to instantaneous discharges.
Suspended sediment concentrations could then be plotted against instantaneous discharges to
form hysteresis curves for specific storm events. These same variables were also plotted as a
function of time to determine relationships between peak discharge and peak suspended sediment
concentrations for such storm events.
Exceedance of bankfull discharge in mean daily discharge records was of interest in
relation to sediment transport and the assessment of BANCS model validity. Bankfull discharge
at the Chichester USGS gage was determined through the use of Lumia’s regional regression
curve for hydrologic region 4 (Lumia, 1991; Mulvihill et al., 2009). The equation for this curve
is:
(Equation 6)
Where Qbkf is bankfull discharge ( ft3/s) and DA equals drainage area (mi2).

2.7: BANCS Analysis
Regression analysis was used to relate eroded bank area (m2) to BEHI score, NBS,
drainage area, entrainment, slope, D84, D50, stream power, width/depth ratio, erosion potential
and stream type.
Single-factor analysis of variance (ANOVA) at a 90% confidence level was used to
determine if eroded bank area was significantly different between erosion potentials.
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Plots of annual erosion rate, in relation to NBS, were created using erosion rate (m/year
and m2/year) as the dependent variable and NBS as the independent variable. NBS were plotted
as numbers 1 to 6, with 1 being very low NBS and 6 being extreme NBS. Data were separated by
erosion potential and the y axis was plotted using a logarithmic scale.
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Chapter 3: Results
3.1: Location of BEMS
Of the 27 bank erosion monitoring sites, 26 were located in the summer of 2012. Both
2001 monuments were found at 12 of these BEMS while one monument was found at each of the
14 remaining sites. In most cases, our GPS unit indicated that the position of a missing
monument was either in a slumped, eroded bank or the 2012 active stream channel. Monuments
at BEMS 21, 22 and 25 appeared to have been removed, as the GPS unit indicated that their
position was not in eroded bank or the stream channel. It also seems that the right-bank
monument at BEMS 17 had been moved over 10 meters back from its original position in 2001.
Removal and movement of monuments were not the only alterations made by persons in
the 11 years since the BEMS were established. Bank modifications, in the form of retaining
walls or rip-rap, were apparent at numerous sites. Many land owners reinforced eroding
streambanks after the most recent and devastating storm, Hurricane Irene in 2011. Bank
alteration along with monument removal/movement combined to make ten BEMS unusable for
this analysis. An eleventh BEMS, BEMS 2, was unusable due to difficulty surveying on and
under a large boulder located on the BEHI bank.
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3.2: Erosion
The 16 BEMS that were suitable for analysis had bank erosion potential in 2001 that
varied from moderate to high and very high. Twelve BEHI-surveyed banks were eroded in some
form while four banks had a small negative net change in bank area, suggesting deposition. For
this analysis an eroded area of 0.00 m2 was used for those four sites. Values of eroded bank area
varied from 0.00 m2 to 34.97 m2 and the 2001 BEHI scores ranged from 25.4 to 41.9 (Table 4).
Table 4: Bank erosion monitoring sites (BEMS), and their corresponding erosion potential, 2001
BEHI scores and eroded area.
BEMS
#
8
15
6
15.5
1
14
7
5
9
12
19
20
3
4
16
18

Erosion
Potential
Very High
Very High
High
Very High
Moderate
High
High
High
High
High
Moderate
High
Moderate
High
Very High
High

2001 BEHI
Score
39.7
40.8
38.5
41.9
27.3
35.0
37.2
34.0
37.9
30.2
25.4
37.9
29.2
34.2
40.3
30.3

Eroded Area
(m2)
34.97
23.24
17.08
7.98
6.12
5.39
5.17
4.45
3.18
2.19
1.19
0.28
0.00
0.00
0.00
0.00

Regression analysis was used to evaluate the relationships between the eroded bank area
and BEHI score, near bank stress (NBS), stream power, drainage area, slope, entrainment ratio,
width/depth ratio and D50 and D84 stream bed particle diameters. The BEHI score had the
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strongest correlation with eroded bank area, with an R2 value of 0.23 while NBS, stream power,
width/depth ratio and D50 had the weakest with R2 values of 0.01 (Table 5). The relationship
between eroded bank area and BEHI score was best fit with a linear relationship, as shown in
Figure 4.

Table 5: Regression analysis results for relationships between eroded bank area and several
measures of erosion potential. In all cases, N equals 16.

Regression variable
BEHI
NBS
Drainage area
Entrainment ratio
Slope
D84
Stream power (lb/ft/s)
Width/depth ratio
D50

R2
0.23
0.08
0.08
0.06
0.03
0.02
0.01
0.01
0.01

Standard error of estimate
(percent)
9
10
10
10
10
10
10
10
10

29
40

Eroded bank area (m2 )

35
30
25

R² = 0.23

20
15
10
5
0
20

25

30

35

40

45

2001 BEHI score

Figure 4: Eroded bank area as a function of total 2001 BEHI score for all 16 BEMS.
Regression analyses with data separated by erosion potential generally mirrored the
overall regression. The BEMS ranked as having high and very high erosion potential each had R2
values of 0.24, while the three moderate-potential sites showed no relationship between BEHI
score and eroded bank area (Table 6). Regression analysis of the relationship between eroded
bank area and BEHI provided different results when the data were separated by Rosgen-streamreach type. The BEMS that were classified as ‘B’ stream reaches yielded an R2 value of 0.49
(Figure 5) while BEMS that were ‘F’ stream reaches had an R2 of 0.02 (Table 7). Only two
BEMS were ‘C’ reaches which, of course, gave an R square of 1.00.
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Table 6: Regression analysis results with eroded bank area as the dependent variable and BEHI
score as the independent variable, with data separated by erosion potential.
Erosion
potential
High
Very high
Moderate

2

R
0.24
0.24
0.03

Standard error of estimate
(percent)
5
17
5

N
9
4
3

Table 7: Regression analysis results with eroded bank area as the dependent variable and BEHI
score as the independent variable, with data separated by Rosgen reach type.
Stream Type
B
C
F

R2
0.49
1.00
0.02

Standard error of estimate (percent)
10
0
3

N
7
2
7
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40
35

Eroded Area (m2)

30
25

R² = 0.49

20
15
10
5
0
20

25

30

35

40

45

BEHI Score

Figure 5: Eroded Bank area as a function of total BEHI score, B classified BEMS.

Single-factor analysis of variance comparing eroded areas based on erosion potential
revealed that there was a significant difference between the eroded areas of moderate, high and
very high risk stream banks at a 90% level of confidence (Table 8). Average eroded area
increased from moderate to high to very high erosion potential (Table 9).
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Table 8: Single factor ANOVA results of a test comparing erosion potential at a 90% confidence
level.
Source of
Variation
Between Groups
Within Groups

SS
498
977

df
2
13

Total

1475

15

MS
249
75

F
3.31

P-value
0.069

F crit
2.76

Table 9: Comparison of average eroded area at BEMS, separated by erosion potential.
Erosion
potential
Moderate
High
Very high

Average eroded
area (m2)
2.40
4.20
16.50

Standard deviation
3.2
5.3
15.6

N
3
9
4

Plots of lateral erosion as a function of NBS gave a positive relationship for high/very
high erosion potential bank erosion monitoring sites, with an R2 of 0.35 (Figure 6). Plots of
eroded area as a function of NBS also gave a positive relationship for high/very high erosion
potential bank erosion monitoring sites, with an R2 of 0.37 (Figure 7). These R2 values
demonstrate a correlation between bank erosion and NBS, but with a poor fit. However, Rosgen
plots NBS ratings on an ordinal 1 to 6 scale instead of using continuous near-bank shear stress
measurements. This gives Figure 6 and Figure 7 greater uncertainty in prediction.

33

Mean lateral erosion (m/yr)

1.00

R² = 0.35

0.10

Moderate
High and very high
0.01

0.00
0

1 Low
V.

2
Low

3
Moderate

4
High

V. 5High

6
Extreme

NBS

Figure 6: Plots of annual mean lateral erosion as a function of NBS, separated by high/ very
high and moderate BEHI erosion potential. Sites with no net erosion are omitted.

Eroded area (m2/yr)

10.00

1.00

Moderate

R² = 0.37

0.10

High and very high

0.01
0

V.1Low

2
Low

3
Moderate

4
High

5
V. High

6
Extreme

NBS

Figure 7: Plots of annual area erosion rate as a function of NBS, separated by high/ very high
and moderate BEHI erosion potential. Sites with no net erosion are omitted.
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3.4: Sediment Analysis
Alluvium, lower lacustrine, lower red till and upper red till had average clay fractions under
8% and average silt fractions of less than 10% (Table 10). The highest fraction of fines was found in
upper lacustrine samples with an average fraction of 13.6% clay and 36.3% silt (Table 10). Sand was
abundant in all samples, though highest in the lower lacustrine (Table 10). Percent coarse material
was highest in alluvium at 45.7% and lowest in upper lacustrine at 10.6% (Table 10).

The percent of sediment that may be suspended in flow was considered to be particles
sand-sized (less than 2 mm in diameter) and smaller. Upper lacustrine had the highest percentage
of suspended-sediment-sized particles with 89.4%, while the alluvium had the smallest with
53.9% (Table 10). Lower lacustrine, lower red till and upper red till had suspended sediment size
particle percentages between 70% and 81% (Table 10).

Table 10: Average percent of coarse, fine, sand, silt and clay fractions. Three samples were omitted
because they could not be analyzed for silt and clay fractions.

Sediment
type
Alluvium
Lower Lacustrine
Lower Red Till
Upper Lacustrine
Upper Red Till

% Coarse
( >2mm)
45.7
23.6
25.2
10.6
29.4

% Fine
( <2mm )
54.3
76.4
74.8
89.4
70.6

Fine ( <2mm) Material
% Sand % Silt % Clay
83.1
9.5
7.4
91.1
4.7
4.3
85.5
6.6
7.9
50.1
36.3
13.6
85.6
4.8
9.5
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3.5: Water Quality
The stage- discharge relationship was best fit with a polynomial equation; this plot had an
R2 of 0.9937 (Figure 8). This relationship allowed us to plot hysteresis curves using stage heights
and suspended sediment concentrations from four full-duration storm events recorded between
2001 and 2012. Figures 11 and 12 show storm events lasting 24 hours, each with one discharge
peak. Figures 9 and 10 show more complicated storm events, exhibiting two discharge peaks
over the course of several days. When suspended sediment concentrations were plotted against
discharge, the outcome for all four events were “clockwise” plots (Figures 9b, 10b, 11b and
12b). Figures 9a, 10a, 11a and 12a show that suspended sediment concentrations peaked before
discharge during each storm event. Figures 9 and 10 show storm events with secondary peaks in
discharge and sediment concentration. Suspended sediment concentration was almost as high in
the second peak (161 mg/L) as it was in the first peak (165 mg/L) during the storm in November
of 2008 (Figure 9a). The second suspended sediment concentration peak (166 mg/L) during the
June, 2009 storm was actually higher than the first peak of 130 mg/L (Figure 10a). These
secondary peaks are also seen as secondary clockwise loops in the corresponding hysteresis plots
(Figures 9b and 10b).
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Figure 8: Stage-discharge relationship of Stony Clove creek used to create hysteresis curves.
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Figure 9: (a) Plot of suspended sediment and discharge as a function of time and (b) hysteresis
plot of suspended sediment as a function of discharge for a storm event beginning at 17:30,
9/7/2008 and ending at 23:15, 9/9/2008.
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Figure 10: (a) Plot of suspended sediment and discharge as a function of time and (b) hysteresis
plot of suspended sediment as a function of discharge for a storm event beginning 03:40,
6/18/2009 and ending at 10:00, 6/22/2009.
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Figure 11: (a) Plot of suspended sediment and discharge as a function of time and (b) hysteresis
plot of suspended sediment as a function of discharge for a storm event beginning at 10:20,
9/11/2007 and ending at 09:45, 9/12/2007.
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Figure 12: (a) Plot of suspended sediment and discharge as a function of time and (b) hysteresis
plot of suspended sediment as a function of discharge for a storm event beginning at 16:35,
7/29/2009 and ending at 10:45, 7/30/2009.
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One hundred sixty three USGS suspended sediment samples, spanning a full range of
flow conditions, were used in the development of a sediment-discharge rating curve for the
Stony Clove Creek. The relationship was best fit by a power function which gave an R2 of 0.54
(Figure 13). Dashed lines in Figure 13 define, what appear to be, sediment transport limits.
Estimates of daily suspended sediment flux were determined using this relationship and are
summarized in Table 11. The five water years (beginning October 1) in which mean daily
discharge did not exceed bankfull discharge had the five lowest sediment fluxes (Table 11).
Suspended sediment flux for 2012 is only estimated through the end of July, when our field work
ended. Total suspended sediment flux was highest in 2011 (Table 11). Total suspended sediment
flux between 2001 and 2012 was estimated to be 281355 metric tons (Table 11).
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Figure 13: Sediment-discharge rating curve of the Stony Clove Creek.
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Table 11: Estimated yearly suspended sediment fluxes in Stony Clove Creek at Chichester,
along with the number of times mean daily discharge exceeded bankfull discharge (1702 ft3/s). A
* indicates that only ten months of water year data were used in analysis.
Water
year
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012*
Total

Estimated suspended sediment
flux (metric tons)
1749
13150
18860
40100
32380
23730
14060
8631
22270
102000
4439
281400

Times average daily
discharge exceeded Qbkf
0
0
1
3
3
1
0
0
2
4
0
14

The greatest loss of sediment occurred at BEMS 8, where it was estimated that 1450
cubic meters and 1600 metric tons of sediment had eroded away (Table 12). This site accounted
for more than half of the total sediment lost from the 16 usable BEMS. The total volume lost to
erosion from the 16 usable BEMS was estimated to be 2400 cubic meters, while total mass was
estimated to be 2640 metric tons (Table 12).
Erosion at the remaining 11 non-usable BEMS was estimated to result in a total volume
loss of 5770 cubic meters and a total mass loss of 6350 metric tons (Table 13). Estimations of
volume and mass loss at the 11 non-usable BEMS were made using average eroded areas of
usable BEMS. Calculated net eroded areas of usable BEMS were grouped by erosion potential
rating and averaged. Non-usable BEMS were then assigned an average-net-eroded-area based on
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their erosion potential rating. Volume and mass loss estimates were then calculated using the
volume and mass estimation method for usable BEMS.

Table 12: Comparison of measured erosion, with eroded area, eroded volume and eroded mass
at the 16 usable BEMS.

BEMS
#
1
3
4
5
6
7
8
9
12
14
15
15.5
16
18
19
20
TOTAL

Eroded
Area
(m2)
6.12
0.00
0.00
4.45
17.1
5.17
35.0
3.18
2.19
5.39
23.2
7.98
0.00
0.00
1.19
0.28

Erosion
Segment Length
(m)
22
7
5
11
28
50
83
28
27
23
17
30
33
17
24
79
484

Eroded
Volume
(m3)
66
0
0
24
242
130
1450
45
29
62
199
120
0
0
14
11
2400

Eroded Mass
(metric tons)
73
0
0
27
266
143
1600
50
32
68
219
133
0
0
16
12
2640
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Table 13: Estimated erosion, with eroded area, eroded volume and eroded mass for the 11 nonusable BEMS. Eroded area estimates are based on erosion potential and corresponding average
eroded area.

BEMS
#
2
10
11
13
17
21
22
23
24
25
26
TOTAL

Eroded
Area
(m2)
16.5
2.40
4.20
4.20
16.5
16.5
16.5
16.5
16.5
4.20
4.20

Erosion Segment
Length
(m)
3
40
19
74
67
66
26
101
344
154
93
987

Eroded
Volume
(m3)
28
48
41
155
551
544
219
834
2840
324
194
5770

Eroded Mass
(metric tons)
31
53
45
170
606
598
240
918
3120
356
214
6350

45

Chapter 4: Discussion
4.1: BANCS Model Validity
The bank erosion hazard index (BEHI) is meant to identify locations at risk of substantial
streambank erosion. However, the 2001 BEHI survey on Stony Clove Creek yielded mixed
results in the correlation of BEHI scores with subsequent streambank erosion. Regression
analysis of BEHI score and eroded bank area gave an R2 of only 0.23 (Table 5), indicating a
relationship, but not a strong relationship. Residuals from Figure 5 showed no relationship with
other stream variables, suggesting that spread in the BEHI regression is unpredictable. ANOVA
determined that there were significant differences in erosion at BEMS when categorized by
BEHI erosion potential at a 90% confidence level (Table 8). This ANOVA showed that average
erosion increased from moderate to high to very high erosion potential (Table 9), suggesting that
BEHI erosion potential categories can forecast the severity of erosion. However, the increasing
standard deviation of these values, along with the small sample size, suggests that this
relationship may not always be consistent.
Rosgen erosion curves comparing NBS to subsequent erosion produced results that
cannot be used quantitatively to predict future streambank erosion in the Stony Clove basin. The
plot of combined high and very high lateral erosion rate against NBS gave an R2 of 0.35 (Figure
6). Similar studies performed by Sass (2011) produced R2 values of 0.59 and 0.42, while Kwan
(2010) found an R2 of 0.34 for the same relationships. Rosgen’s 1989 studies produced Rsquares between 0.87 and 0.93 (Rosgen, 1996). Our Rosgen curves comparing eroded area per
year to NBS of high/very-high erosion potential sites gave a somewhat higher R2 of 0.37 (Figure
7). Although the use of eroded area is not standard practice in plotting Rosgen curves, it was the
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most accurate way to present erosion in our study. Lateral erosion is an average while net eroded
area is a true value based on direct computation. The higher R2 produced in Figure 7 may speak
to the greater accuracy of this method. Removal of the little-eroded BEMS 20 from Figures 6
and 7 resulted in increases of R2 to 0.49 and 0.50 for lateral erosion and eroded area Rosgen
plots, respectively. Yet, there is no reason or circumstance that would justify the removal of this
datum. Therefore, both Rosgen plots produced R2s that are low in comparison to other BANCS
studies, suggesting that this approach fails to capture much of the complexity in streambank
erosion in Stony Clove Creek.
The strongest correlation was seen in the relationship between eroded area and BEHI
score for BEMS that were classified as Type B stream reaches, with an R2 of 0.49 (Table 7).
Seven of the sixteen usable cross-sections were classified as Type B reaches, seven as Type F
reaches and two as Type C reaches. The largest differences between these particular reach types
on the Stony Clove Creek are in entrenchment ratio, or the channel width at twice the bankfull
depth divided by the channel width at bankfull height (Endreny, 2003). This is a metric that
indicates the extent to which a stream is incised, with a smaller ratio indicating greater incision.
Type B reaches have moderate entrenchment ratios between 1.4 and 2.2, type C reaches have
ratios higher than 2.2 (least-incised) and type F reaches have ratios lower than 1.4 (most-incised)
(Rosgen, 1996).
If judging strictly by entrenchment, one might predict that F reaches, having the highest
entrenchment ratios, and being most incised, would be more likely to erode quickly. Steep banks
of highly entrenched streams are more prone to mass failure and collapse (Hey, 1979). Yet,
localized factors such as cohesive bank materials, dense rooting and vegetation can counteract
this susceptibility.
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There may be several explanations for the relatively inconsistent streambank erosion
rates observed in this study. The first is the extensive flooding seen in the study period, including
Hurricane Irene. Second is the sampling frequency of the study. Third is the difficulty in
overlaying cross-sections. And the fourth is bank seepage resulting from bank sediment
stratification.
Bankfull discharge, a 1-2 year flood, is considered the discharge magnitude above which
significant and frequent sediment transport occurs within a channel (Knighton, 1998). As a
result, flow at or above this magnitude is thought to be responsible for shaping channel geometry
and plan form. Extreme meteorological events like Hurricane Irene produce extremely high
discharge; and high discharge combined with flashy basin response may result in significant
geomorphic change (Knighton, 1998). Between August 2001 and August 2012 there were 14
average daily discharges that exceeded the estimated bankfull flow of 1702 ft3/s at the Chichester
gage (Table 11). Three of these events produced peak discharges of 14300 ft3/s, 13000 ft3/s and
9940 ft3/s. Harmel’s (1999) stream bank erosion study of the Upper Illinois River included four 2
-2.5 year floods over the course of a year. He found poor correlations between bank erosion and
NBS scores, much like this study. Rosgen attributed Harmel’s poor correlations to flood events,
arguing that bank mechanics and hydraulics become complex during flood events, causing
unpredicted erosion (Rosgen, 2001).
While periodic flooding is natural and inevitable, some BEHI studies have concluded
before experiencing flows greater than bankfull discharge. Rosgen’s 1989 studies experienced
flows roughly 30-40% below “normal,” while Kwan experienced flows less than 35% below
bankfull discharge (Harmel et al., 1999; Kwan, 2010). However, Sass (2011) documented
several bankfull discharge or greater events with flow as high as three and five times bankfull
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discharge, and Van Eps’ BEHI study in the West Fork White River watershed in Arkansas
experienced flows 27% greater than bankfull (Van Eps et al., 2004). All five studies had
excellent correlations between lateral erosion and NBS. It seems that Rosgen’s erosion
prediction method is valid up to and perhaps slightly above bankfull discharge magnitudes.
Whether or not this method holds true above bankfull discharge is likely dependent on local
hydrogeologic factors. Our results suggest that the method does not result in good predictions in
the Stony Clove basin when the study spans extreme hydrologic events.
This Stony Clove erosion study also differed from other BANCS studies in duration and
assessment frequency. While the aforementioned studies measured erosion at least once a year,
our study measured net erosion 11 years after the initial survey and BANCS assessment. Streams
generally maintain hydraulic geometry over time, but they are not static systems. Streams often
migrate laterally. Convex banks in meanders continually aggrade while concave banks
continually erode, causing meanders to move downstream (Leopold et al., 1995). For these
reasons, it is possible that the plan form of the stream has changed over the extended time of this
study, resulting in increased erosion or increased deposition at certain places, possibly including
some of the BEMS. Changes in erosion and deposition at specific points in the stream would
alter in-channel stress and thus, potential for future erosion. As a result, it is quite possible that
BEHI and NBS ratings changed at individual BEMS during the 11 year time span. However,
without a plan-form survey it is unlikely that we can link these changes to individual BEMS.
Missing BEMS monuments made overlaying cross-sections difficult and introduced error
into the analyses. GPS coordinates and interpolation made it possible to discern the original
positions of monuments, but it is possible that these positions were laterally askew by
centimeters due to inherent uncertainty in the 2001 GPS unit. However, missing and at-risk
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monuments were replaced well beyond the edge of eroding banks in 2012 so that this problem
would not be encountered in future studies. It seems that erosion was underestimated in some
cases where erosion continued beyond the 2001 cross-section limits. Void space beyond the
cross-section could not be included in analyses as 2001 surveys did not record data past the
bounds of the monuments. Thus, external void space and bank material that slumped into the
2001 cross-section combine to underestimate net erosion.
The tape sag correction applied to 2001 cross-section distance introduced slight error into
overlay analysis. Initial (2001) surveys began at left-bank monuments and finished at right-bank
monuments. As a result, data points closer to the left bank have truer distances than those closer
to the right bank. The application of a coefficient to correct distance therefore brings right-bank
distances closer to a true value while left-bank distances are compressed to values that are less
than the true distances. This means that BANCS assessed right-bank analyses become more
accurate with correction but BANCS assessed left-bank analyses become slightly less accurate
with correction. However, the methodical application of distance correction creates less total
error in analysis than without correction.
The possible cause for the relatively high streambank erosion at BEMS 6, 8 and 15 is
closely related to storm events and flood stage discharge: seepage. Seepage is a significant
source of streambank erosion (Fox et al., 2006) due to its ability to destabilize large masses of
streambank material (Hagerty, 1991a). Seepage has been commonly observed as a mass failure
mechanism along Stony Clove Creek, although highly variable and discontinuous (M. Vian,
NYCDEP, personal communication, 2013).
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Bank seepage is caused by infiltration or recharge by flood-stage flows. In the case of
infiltration, water percolates down to a clay or silt layer of low hydraulic conductivity and then
moves laterally out of the bank face (Hagerty, 1991a). In the latter case, high-stage flood water
saturates a soil layer of high hydraulic conductivity. As the water stage drops below the sediment
layer the hydraulic gradient points back toward the stream and the recharged water seeps out of
the bank face (Hagerty, 1991a). In both cases, the seeping water entrains sediment from the layer
of high hydraulic conductivity, carrying bank material as it leaves the bank face. This expulsion
of bank material results in undercutting and destabilization of overlying sediment layers. In time,
this destabilized sediment will fail and fall into the channel, where it is easily entrained due to its
increased surface area and induction of hydraulic turbulence (Hagerty, 1991b).
The Hubbard Brook Experimental Forest in New Hampshire is similar to the Catskills in
climate, geology and vegetation. It is likely that the two have similar hydrology as well.
Stresky’s study of piping at the Hubbard Brook Experimental Forest found that macropore
networks were common, although spatially variable (Stresky, 1991). Stresky maintained that
macropores have a significant influence on infiltration and rapid transport of through-flow in
low-lying, near-stream areas. Under saturated conditions these pipe systems create rapid, downslope movement of water through soil strata (Stresky, 1991). The presence of such macropore
systems intensifies the hydraulic gradient in a streambank, creating conditions necessary for
seepage.
Hagerty (1991a) identified alluvium, lacustrine and glacial till as sediments prone to
seepage. These same sediments are endemic to the Stony Clove basin. Grain-size analysis
determined that the upper lacustrine sediment in the Stony Clove basin has a high percentage of
silt and clay while other sediment layers are predominantly sand and gravel (Table 10). Although
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tests to quantify hydraulic conductivity of sediments were not performed, sediments high in clay
and silt generally have hydraulic conductivities that are orders of magnitude lower than
sediments composed of sand and gravel (Hiscock, 2005). Layering of sediments with these
differing hydraulic conductivities creates conditions conducive to erosion by seepage. Fox et al.
(2007) found that less than an order of magnitude difference in vertical hydraulic conductivity
was enough to trigger erosion by seepage.
Rosgen incorporates the possibility of erosion by seepage into BEHI as a “stratification
adjustment.” However, identifying stratification can be difficult due to obstruction by vegetation
and eroded material on upper portions of bank. Imbrication of bed material on lower sections of
the bank may also cover evidence of stratification. The BEMS with the three significantly largest
eroded areas (BEMS 8, 15 and 6) suggest that, due to their large losses, bank material was
destabilized in large volume and likely failed due to seepage. No observation of bank
stratification was made at these sites in 2001 and therefore no adjustment was made to BEHI
scores. In fact, none of the twenty seven BEMS had BEHI scores adjusted for stratification
despite the presence of complex sediment layering and erosion due to seepage in the basin.
Further evidence of difficulty in the identification of bank stratification may be inferred
from our own study. Five BEMS experienced massive bank failure on non-BEHI streambanks
(BEMS 7, 12, 14, 16 and 24), resulting in the loss of a bank monument. The 2001 BEHI
assessments were made on banks that were believed to be actively eroding. This suggests that
banks opposite to the BEHI-assessed banks were not perceived as sources of active or potential
erosion. Consequently, banks that were not perceived as erosion risks were also prone to massive
bank failure; likely due to seepage. Hagerty (1991a) contends that seepage can only occur at a
bare bank face. Banks covered by these vegetal and material obstructions are at lower risk to

52
seepage but extreme discharge may remove these coverings, leaving evidence of stratification
only after erosion has occurred.
Identification of sediment layers at each BEMS was not performed at the time of the
2012 survey and identification of erosion by seepage is difficult, as evidence is often covered by
deposited sediment, or washed away (Hagerty, 1991b). Therefore, it cannot be proven that
seepage is to blame for mass failure. However, prior observations and sediment analysis indicate
that mass failure by this process is highly likely.

4.2: Suspended Sediment Sources
If all eroded bank material from the sixteen usable BEMS examined in this study were
composed of fine-sized or smaller diameter particles (<2mm), approximately 0.9% of total
estimated suspended sediment flux between 2001 and 2012 would be due to erosion from these
banks (Tables 11, 12). Because the fraction of bank materials fine-size or smaller (<2mm) is
between 54.3% and 89.4% (Table 10), this flux estimate due to streambank erosion is more
likely between 0.5% and 0.8%. If we include erosion estimates from the 11 BEMS that could not
be accurately assessed (Table 13), the result is still under 3% of the total suspended sediment
flux. It should also be noted that the BEMS erosion segment lengths compose an estimated 1.7%
of total main channel streambank length of the Stony Clove Creek and contributing perennial
tributaries (Warner Creek, Hollow Tree Brook and Ox Clove Creek). Thus, it appears that the
streambanks identified and assessed as the most likely point sources of turbidity in 2001
contributed a greater proportion of sediment than non-assessed streambanks, but a minor amount
of the total suspended sediment in the basin. Yet, a number of limitations regarding our analysis
should be considered.
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Precision and accuracy of suspended sediment-discharge rating curves is greatly affected
by the size of a basin, with smaller basins exhibiting less precision and accuracy in their
estimates (Phillips et al., 1999). Infrequent sampling also produces imprecise rating curves
(Horowitz, 2008; Phillips et al., 1999). The Stony Clove basin is quite small and infrequently
sampled, suggesting that our suspended sediment curve may be somewhat inaccurate and
imprecise in comparison to larger, more frequently sampled basins. While there is a clear
relationship between suspended sediment concentration and flow in Stony Clove Creek (Figure
13), there is considerable scatter about the regression line. Horowitz (2008) contends that
sediment curves created from sampling frequencies of once a month may under or over estimate
suspended sediment by up to 20%. This is the average suspended sediment sampling frequency
of the Stony Clove Creek. Therefore, our flux estimate may be off by as much as ± 20%.
These possible inaccuracies aside, our hysteresis curves are the result of instantaneous
stage and concentration measurements. Hysteresis curves were created in hopes of discerning the
source and availability of sediment within the Stony Clove basin. All four of the hysteresis plots
(Figures 9b, 10b, 11b, 12b) showed clockwise rotation in concentration-discharge space,
demonstrating that the suspended sediment concentration peaks before discharge (Williams,
1989). This means that available sediment in the watershed is entrained and depleted before
discharge reaches its peak (Knighton, 1998). Interestingly, the two long-duration storm events in
the Stony Clove basin showed secondary peaks in suspended sediment. Figure 9 shows a
secondary peak only 4 mg/L lower than the first while Figure 10 shows a secondary peak 36
mg/L higher than the first. The first peak discharge in Figure 9 is 57 ft3/s while the first peak
discharge in Figure 10 is 779 ft3/s. This clearly suggests that sediment sources are not always
depleted by the first peak in discharge, even at varying flows. It also suggests that scatter in the
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suspended sediment rating curve (Figure 13) was not due to difference in rising-limb or fallinglimb conditions.
If the predominant source of suspended sediment in Stony Clove Creek is not the
established bank erosion monitoring sites, then the sediment must be coming from elsewhere. It
is likely that other streambanks along the creek, tributaries and sediment in the stream channel
contribute significantly and without noticeable depletion to the suspended sediment load.
Although BEMS were considered significant likely sources of sediment in 2001, bank exposures
and failures were common throughout reaches of the Stony Clove at non-BEMS sites in 2012.
Sediment deposits were also observed on sparsely vegetated floodplains and point bars
throughout downstream stream reaches of lower relief, suggesting capacity for significant
sediment storage. Numerous tributaries, especially the larger Warner Creek and Hollow Tree
Brook, add sediment as they drain the same or similar glacial sediments. Surface runoff is a less
likely source because 98% of the watershed is forested and features a porous forest floor layer
(Vanshaack et al., 2005). However, overland flow likely contributes sediments as it moves over
exposed bank faces.
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Chapter 5: Conclusions
This study of streambank erosion in the Stony Clove watershed shows that while some
BANCS variables were correlated with erosion at the sixteen usable BEMS, 2001 BANCS
assessments cannot be used as an accurate predictor of future streambank erosion. An ANOVA
revealed significant differences in erosion at BEMS when categorized by erosion potential,
suggesting that erosion severity is greatest in reaches identified as high-risk using BEHI, but
there is not a simple quantitative relationship that spans a wide range of BEHI scores.
Plots of erosion rate against NBS gave inconclusive results. Only a small population of
high/very high rated BEHI banks are represented in these plots. Moderate, low, very low and
extreme BEHI BEMS are not represented. BANCS-assessed BEMS streambanks were shown to
contribute relatively little to the total suspended sediment flux from the basin. The high
availability of suspended sediment and low contribution from BEMS suggests streambanks not
considered an erosion risk in 2001 must be contributing to the total load. Our second hypothesis,
that streambank erosion at BEMS was responsible for a significant amount of suspended
sediment flux from the Stony Clove watershed between 2001 and 2012, is thus untrue. Future
collection of turbidity data would help elucidate the contribution of Stony Clove streambank
sediment to the colloidal 1-10µm fraction that pollutes the Ashokan Reservoir.
Rosgen (2001) contends that the BANCS model is not valid above bankfull stage and our
study may support this limitation. Mean daily discharge exceeded bankfull discharge fourteen
times in the eleven year study. Flow did not exceed bankfull discharge in only five of these
years. An erosion model that depends on low flow must be assessed frequently (at least once per
year) in such a flashy basin. In addition, the stratified, spatially variable, streambank sediment is
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prone to unpredictable mass failures resulting from seepage. Advanced sediment sampling and
mapping throughout the basin may allow for more accurate stratification assessment in BEHI
scoring. It is for these reasons that current BANCS methodology findings cannot be used to
accurately estimate erosion along the Stony Clove Creek. If continued yearly, BANCS
assessment and cross-section surveys at BEMS may yield results that conclusively link
streambank and in-stream variables with active erosion. The results of this study are somewhat
inconclusive yet, the BANCS methodology may prove to be useful in future management of the
Stony Clove watershed.
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Appendix A: Low-flow stage figures
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Figure 14: The flow duration curve (FDC) used to determine low-flow discharge at the
Chichester, USGS gage.
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Figure 15: An example of a Mecklenburg stream module spreadsheet used to determine lowflow stage height. The blue line in the graph indicates low-flow stage height.
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Appendix B: BEMS study bank profiles
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Figure 16: Plot of the BEHI-assessed “BEMS 1” streambank profile in 2001 and 2012.
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Figure 17: Plot of the BEHI-assessed “BEMS 3” streambank profile in 2001 and 2012.
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Figure 18: Plot of the BEHI-assessed “BEMS 4” streambank profile in 2001 and 2012.
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Figure 19: Plot of the BEHI-assessed “BEMS 5” streambank profile in 2001 and 2012.
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Figure 20: Plot of the BEHI-assessed “BEMS 6” streambank profile in 2001 and 2012.
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Figure 21: Plot of the BEHI-assessed “BEMS 7” streambank profile in 2001 and 2012.
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Figure 22: Plot of the BEHI-assessed “BEMS 8” streambank profile in 2001 and 2012.
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Figure 23: Plot of the BEHI-assessed “BEMS 9” streambank profile in 2001 and 2012.
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Figure 24: Plot of the BEHI-assessed “BEMS 12” streambank profile in 2001 and 2012.
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Figure 25: Plot of the BEHI-assessed “BEMS 14” streambank profile in 2001 and 2012.
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Figure 26: Plot of the BEHI-assessed “BEMS 15” streambank profile in 2001 and 2012.
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Figure 27: Plot of the BEHI-assessed “BEMS 15.5” streambank profile in 2001 and 2012.
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Figure 28: Plot of the BEHI-assessed “BEMS 16” streambank profile in 2001 and 2012.
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Figure 29: Plot of the BEHI-assessed “BEMS 18” streambank profile in 2001 and 2012.
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Figure 30: Plot of the BEHI-assessed “BEMS 19” streambank profile in 2001 and 2012.
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Figure 31: Plot of the BEHI-assessed “BEMS 20” streambank profile in 2001 and 2012.
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Appendix C: Streambank soil particle-size distributions
Table 14: Particle-size distribution of the alluvium at BEMS 24.
Particle size range (mm)
< 0.075
0.075 - 0.105
0.106 - 0.17
0.18 - 0.24
0.25 - 0.59
0.60 - 1.99
2.00 - 4.74
> 4.75

Percent of total (%)
3.64
2.41
3.52
3.83
21.73
17.91
8.92
38.04

Table 15: Particle-size distribution of the lower lacustrine at BEMS 24.
Particle size range (mm)
< 0.075
0.075 - 0.105
0.106 - 0.17
0.18 - 0.24
0.25 - 0.59
0.60 - 1.99
2.00 - 4.74
> 4.75

Percent of total (%)
13.38
2.40
4.07
6.47
16.71
9.85
11.50
35.62
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Table 16: Particle-size distribution of the lower red till at BEMS 24.
Particle size range (mm)
< 0.075
0.075 - 0.105
0.106 - 0.17
0.18 - 0.24
0.25 - 0.59
0.60 - 1.99
2.00 - 4.74
> 4.75

Percent of total (%)
7.70
6.04
6.63
9.31
28.96
16.58
6.96
17.80

Table 17: Particle-size distribution of the alluvium at the site adjacent to BEMS 24.
Particle size range (mm)
< 0.075
0.075 - 0.105
0.106 - 0.17
0.18 - 0.24
0.25 - 0.59
0.60 - 1.99
2.00 - 4.74
> 4.75

Percent of total (%)
5.68
2.78
6.04
6.82
23.93
13.40
8.72
32.63

Table 18: Particle-size distribution of the lower lacustrine at the site adjacent to BEMS 24.
Particle size range (mm)
< 0.075
0.075 - 0.105
0.106 - 0.17
0.18 - 0.24
0.25 - 0.59
0.60 - 1.99
2.00 - 4.74
> 4.75

Percent of total (%)
0.28
14.09
7.99
7.44
30.20
39.95
0.04
0.02
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Table 19: Particle-size distribution of the lower red till at the site adjacent to BEMS 24.
Particle size range (mm)
< 0.075
0.075 - 0.105
0.106 - 0.17
0.18 - 0.24
0.25 - 0.59
0.60 - 1.99
2.00 - 4.74
> 4.75

Percent of total (%)
5.69
14.99
5.89
6.45
29.85
22.80
4.59
9.74

Table 20: Particle-size distribution of the upper lacustrine at the site adjacent to BEMS 24.
Particle size range (mm)
< 0.075
0.075 - 0.105
0.106 - 0.17
0.18 - 0.24
0.25 - 0.59
0.60 - 1.99
2.00 - 4.74
> 4.75

Percent of total (%)
27.42
11.54
15.08
11.31
8.72
8.33
7.19
10.41

Table 21: Particle-size distribution of the upper red till at the site adjacent to BEMS 24.
Particle size range (mm)
< 0.075
0.075 - 0.105
0.106 - 0.17
0.18 - 0.24
0.25 - 0.59
0.60 - 1.99
2.00 - 4.74
> 4.75

Percent of total (%)
10.13
7.88
6.39
7.14
21.68
17.39
11.14
18.25
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Table 22: Particle-size distribution of the upper lacustrine at Stony Clove Lane.
Particle size range (mm)
< 0.075
0.075 - 0.105
0.106 - 0.17
0.18 - 0.24
0.25 - 0.59
0.60 - 1.99
2.00 - 4.74
> 4.75

Percent of total (%)
67.23
8.33
6.20
2.91
3.29
1.06
0.65
10.32

Table 23: Particle-size distribution of the alluvium at the confluence of Stony Clove Creek and
Warner Creek.
Particle size range (mm)
< 0.075
0.075 - 0.105
0.106 - 0.17
0.18 - 0.24
0.25 - 0.59
0.60 - 1.99
2.00 - 4.74
> 4.75

Percent of total (%)
12.66
2.27
3.85
6.12
15.81
9.32
10.88
39.08
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Table 24: Particle-size distribution of the lower lacustrine at the confluence of Stony Clove
Creek and Warner Creek.
Particle size range (mm)
< 0.075
0.075 - 0.105
0.106 - 0.17
0.18 - 0.24
0.25 - 0.59
0.60 - 1.99
2.00 - 4.74
> 4.75

Percent of total (%)
0.26
16.48
6.14
9.29
28.01
28.02
3.96
7.83

Table 25: Particle-size distribution of the lower red till at the confluence of Stony Clove Creek
and Warner Creek.
Particle size range (mm)
< 0.075
0.075 - 0.105
0.106 - 0.17
0.18 - 0.24
0.25 - 0.59
0.60 - 1.99
2.00 - 4.74
> 4.75

Percent of total (%)
14.04
7.56
7.05
7.68
27.04
10.94
5.38
20.30
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Table 26: Particle-size distribution of the upper lacustrine at the confluence of Stony Clove
Creek and Warner Creek.
Particle size range (mm)
< 0.075
0.075 - 0.105
0.106 - 0.17
0.18 - 0.24
0.25 - 0.59
0.60 - 1.99
2.00 - 4.74
> 4.75

Percent of total (%)
39.24
6.13
11.72
15.33
22.71
1.66
0.28
2.93

Table 27: Streambank soil USDA soil textures.
Location
BEMS 24
Site adjacent to BEMS 24
Warner Creek Confluence
Site adjacent to BEMS 24
Warner Creek Confluence
BEMS 24
Warner Creek Confluence
BEMS 24
Site adjacent to BEMS 24
Site adjacent to BEMS 24
Warner Creek Confluence
Stony Clove Lane
Site adjacent to BEMS 24

Sediment layer
Alluvium
Alluvium
Alluvium
Lower lacustrine
Lower lacustrine
Lower lacustrine
Lower red till
Lower red till
Lower red till
Upper lacustrine
Upper lacustrine
Upper lacustrine
Upper red till

USDA soil texture
Sand
Sand
Sandy loam
Sand
Sand
Sandy loam
Loamy sand
Sand
Sand
Sandy loam
Sandy loam
Silt loam
Loamy sand
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